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Background/Aim: Given a fast-growing aging population in South Korea, the
prevalence of cognitive impairment in elderly is increasing. Despite growing evidence of
air pollution exposure as one of the risk factors for declining cognition, few studies have
been conducted on gender difference in the relation of cognitive function associated
with outdoor air pollution. The aim of this study is to investigate the effect modification of
gender difference in the association between cognitive function and air pollutant exposure
(PM10, PM2.5−10, and NO2).
Methods: The study focused on elderly, and the resulting sample included 1,484
participants aged 55 and older with no neurologic diseases, recruited from the four
regions in Korea (Seoul, Incheon, Pyeongchang, and Wonju). We used the Mini-Mental
State Examination (MMSE) score (with the conventional cut-off point “23–24”) to assess
cognitive decline as the primary outcome of the study. Air pollution data used in this
study were based on the 5-year average of predicted PM10 and NO2 concentrations,
as well as the 2015 average PM2.5 concentration. Additionally, a survey questionnaire
was utilized to obtain information about general health assessment. To explore gender
differences in the effects of air pollution exposure on cognitive function, we used
penalized logistic regression, negative binomial regression, and generalized linear mixed
model analyses. Subgroup analyses were also performed by the geographic location of
residence (metropolitan vs. non-metropolitan).
Results: We found that women than men had a higher risk for decreased cognitive
function associated with increased exposure to PM10 and PM2.5−10, respectively, even
after adjustments for confounding factors (OR 1.01 [95%CI 1.00-1.03] in PM10; OR 1.03
[95%CI 1.01–1.07] in PM2.5−10). After stratification by metropolitan status, we also found
that the adverse effect of NO2 exposure on cognitive function was higher in women
than men [OR 1.02 [95%CI 1.00–1.05] in metropolitan; OR 1.12 [95%CI 1.04–1.20] in
non-metropolitan]. Notably, the magnitude of the effect sizes was greater among those
in non-metropolitan regions than metropolitan ones.
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Conclusions: Although our findings suggest that the adverse effects of outdoor air
pollution on cognitive function appeared to be higher in women than men, this should
be tentatively reflected due to some limitations in our results. While additional research
is warranted to confirm or dispute our results, our findings suggest an indication of the
need for developing and implementing prevention or interventions with a focus on elderly
women with increased risk for air pollution exposure.
Keywords: air pollution, gender difference, cognitive function, particulatematter, nitrogen oxide, mini-mental state
examination
INTRODUCTION
The decline of cognitive function is one of the reasons for low
independence and likely disability among older adult populations
(1, 2). In South Korea, as one of the countries with a fast-
growing aging population, the prevalence of cognitive deficits
or decline among older adults (aged 65 years and older) had
been increasing considerably (3). A nationwide survey conducted
by Kim and colleagues (3) estimated the prevalence of mild
cognitive impairment and dementia in elderly people aged 65 and
older in South Korea and projected that the expected number of
dementia cases would be doubled every two decades before the
coming 2050 (3). The burden associated with increased cognitive
decline among the elderly is likely to grow with rapidly growing
aging populations.
Essential is to reduce risk factors for cognitive decline or
impairment. For example, the known risk factors such as
age, sex/gender, socioeconomic conditions, genetic component,
health risk behaviors (i.e., smoking and drinking), high blood
pressure, and disease morbidities were examined in prior studies
(4–10). Among risk factors, comparatively less is known about
environmental factors, including air pollution, which could have
played a role in risk for cognitive decline or deficits (2, 11, 12). In
South Korea, in recent years, the issue of ambient particulate air
pollution has become more severe than before. This aspect could
play a role in adversely affecting the health of the population.
Evidence showed that high levels of exposure to PM2.5, PM10, and
NO2 were adversely associated with respiratory health (13–16),
cardiovascular diseases (14, 17), and increased risk of psychiatric
disorders (18).
It has been gradually suggested that there is a relationship
between air pollution exposure and cognition in elderly (2, 19,
20). For instance, a prospective cohort study by Weuve et al.
(19) examined whether long-term PM exposure may be related
to cognitive decline among the US women aged 70–81 years in
the Nurses’ Health Study Cognitive Cohort and found that higher
levels of PM2.5−10 and PM10 exposure were related to faster
decline in cognitive function, respectively. Meanwhile, Ailshire
and Crimmins (20) explored the relation of cognitive function
associated with high concentrations of PM2.5 among older US
adults using data from the Health and Retirement Study. They
found that high levels of PM2.5 exposure had an adverse effect on
cognitive function, but no notable significant effect modification
by individual-level characteristics, including demographics and
socioeconomic factors was found.
In spite of growing indication of a positive link between
air pollution exposure and cognitive decline, much less
consideration has been directed to the extent of gender difference
in the relation of cognitive function associated with air pollution
exposure. Although a few studies explored effect modification by
gender/sex as a supplementary purpose concerning examining
the main effects of air pollution on cognitive function (11, 20),
the results were varied. Specifically, previous research found
that the effect of air pollution exposure on cognition was
different between males and females (21, 22), while no such
result was found for other research (23). Notably, there is a
discrepancy over whether the effect is higher in males than
females or vice versa (21–23). Therefore, this study aims to clarify
this inconsistency by investigating gender differences in the
association between exposure to air pollutants (PM10, PM2.5−10,
and NO2) and cognitive functioning in a cohort of Korean
older adults. Detecting gender differences and identifying the
mechanism can help develop gender-specific interventions or
policies to reduce the risk of cognitive decline associated with
outdoor air pollution among older adult populations.
MATERIALS AND METHODS
Study Subjects
Participants were included among the cohorts recruited from
the four different regions of South Korea (i.e., Seoul, Incheon,
Wonju, and Pyeongchang) between 2014 and 2017. Specifically,
they were voluntary participants recruited through community
advertisement from the Nowon-gu, Yangcheon-gu, Mapo-gu,
Seodaemun-gu, Eunpyeong-gu, and Gangnam-gu of Seoul, the
Namdong-gu and Ganghwa-gun of Incheon, and Wonju and
Pyeongchang, respectively. Since it was voluntary recruitment
conducted in small districts, our study has a limitation on
generalizability. The inclusion criteria were: aged 55 years or
above and no history of having dementia, Parkinson’s disease,
or stroke. We excluded patients with Alzheimer’s disease and
amnestic mild cognitive impairment, as well as missing data
concerning the characteristics of participants except for smoking
status since most of the women were likely to be non-
smokers or social smokers. Although we kept them in the
study, we did not adjust for smoking status in our regression
analyses, which will follow in the statistical analysis section.
The resulting sample was comprised of 1,484 participants (569
men and 915 women). We enrolled the participants from Seoul
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and Incheon, separately, in Gachon University Gil Medical
Center and Yonsei University Severance Hospital for a medical
examination, and those from Wonju and Pyeongchang in
the Lifetime Management Center at Yonsei University Wonju
College of Medicine and Wonju Severance Christian Hospital
for a medical checkup, respectively. The study was approved
by the Institutional Review Boards of the Yonsei University
Health System (IRB Approval No. 4-2014-0359). Trained nurses
as research staff administered a survey questionnaire, constructed
based on the prior studies for outcome assessment (12, 15,
24) as well as the Korea Centers for Disease Control and
Prevention for epidemiological characteristics (25), to all subjects
following the protocols and ethical standards of the human
experimentation committee at Yonsei University Severance
Hospital. The study participants were asked to answer the
questions about demographics, anthropometric measurement,
socioeconomic condition, health risk behaviors (smoking,
drinking, etc.), physical activity, disease morbidities including
family history, and residential characteristics.
Outcome Assessment
Mini-Mental State Examination (MMSE) as the most commonly
used cognitive test (26, 27) was used to assess participants’
cognitive function. Notably, MMSE, which detects individual
cognitive impairment by evaluating mental status, is frequently
used for dementia screening in the primary care setting (28,
29). MMSE with 30 points in total comprises questions on
orientation, attention, calculation, language, and recall (29). The
study used the conventional cut-off point for the MMSE (“23–
24”) as an indication for a decline in cognitive functioning, based
on the criteria employed in the prior studies (12, 30). Therefore,
the dependent variable in the study was “decreased cognitive
function” as binary (“1” if MMSE score ≤ 23 corresponding
to a decreased cognitive function, “0” if 24 ≤ MMSE score ≤
30 corresponding to a normal cognitive function), and we also
included MMSE score as a continuous variable in the models.
Prediction for Long-Term Concentrations
of Particulate Matter and Nitrogen Dioxide
Based on the residential addresses of the participants, each
was assigned the predicted exposure concentration based on
a national point-wise exposure prediction approach using
regulatory monitoring data for 2010. In spite of this prediction,
however, we acknowledge some weaknesses in our data: (1)
limitation about one chronic exposure incorporated; (2) the
presence of a possible regression toward null effect subject
to modeled data used without reflecting individual exposure
appropriately. However, it should be noted that regression toward
null effect is considered as a limitation in most of the studies
using modeled air pollutants data. That is, results may be
shown with no impact of air pollution due to using the average
concentrations of air pollutants, although it may exist when
using the actual values. A specific method of prediction was
documented in another published article (31).
Specifically, Kim et al. (31) developed the national prediction
model by incorporating the annual mean concentration values
of log-transformed NO2 and PM10 estimated at the 277 air
quality monitoring sites between 2010 and 2016 after excluding
11 places that did not meet the inclusion criteria. In the process
of developing a prediction model, 322 geographic variables that
consist of proximity and buffer in eight categories, including
traffic, physical geography, land use, demographic characteristics,
etc. were used to get information about geographic characteristics
that could be attributed to the spatial variability of air pollution.
This universal kriging model comprises two elements: mean and
variance. That is, the mean was characterized with the two and
three predictors which were estimated by partial least squares,
while the variance was assessed using the three parameters for
covariances such as partial still, range, and nugget which could
find the presence of spatial correlation and both spatial and
non-spatial variability. Consequently, we calculated the predicted
values of the annual average concentrations of NO2 and PM10
at the residential addresses of the study participants over the
past 5 years, using the model developed. The rationale for using
the 5-year mean values of the air pollution levels was that the
information about participants’ residential addresses was solely
available in those 5 years. For PM2.5 data, however, we merely
used the 2015 average concentration as a proxy for the 5-year
values because information about PM2.5 had become publicly
available since 2015.
Concerning air pollution concentration levels in the four
regions, Seoul had an average of 22.23 (µg/m3) for PM10−25,
47.88 (µg/m3) for PM10, and 33.80 (µg/m3) for NO2. Incheon
had an average of 21.61 (µg/m3) for PM10−25, 47.90 (µg/m3)
for PM10, and 33.33 (µg/m3) for NO2. Wonju had an average of
13.86 (µg/m3) for PM10−25, 39.37 (µg/m3) for PM10, and 10.88
(µg/m3) for NO2. Pyeongchang had an average of 16.82 (µg/m3)
for PM10−25, 42.50 (µg/m3) for PM10, and 15.35 (µg/m3)
for NO2.
This study included “exposure to air pollutants (PM10,
PM2.5−10, andNO2)” as continuous variables in themainmodels,
while we also examined them with categorization as part of our
sensitivity analysis in the statistical analysis section.
Potential Confounding Factors
Following the status of the participants, potential confounding
factors were included. Age (in years) was included, recoded as
a categorical variable (55–64 and 65+), given the fact that older
age is a strong risk factor for cognitive decline (7). Other factors
such as gender, marital status, education, income, smoking
status, drinking, body mass index (BMI), systolic blood pressure,
disease morbidities, and geographic location were included, since
women, low educational and income levels, being unmarried,
smoking and drinking, higher BMI, high blood pressure, and
disease morbidities (hypertension, diabetes, hyperlipidemia, and
depression) were indicated as risk factors for cognitive decline
or impairment in the literature (4, 6, 7, 10, 32–34). Marital
status indicating whether an individual is currently married
was recoded and included as a dichotomous variable (yes or
no). As indicators for socioeconomic condition, education (“less
than middle school” and “middle school graduate or more”)
and income (X, Korean won) (X<1,000,000, 1,000,000 ≤ X<
2,000,000, 2,000,000 ≤ X< 4,000,000, and X ≥ 4,000,000) were
included. Smoking status was assessed based on the questions of
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whether a participant smoked more than five packs of cigarettes
in each entire life and if he or she currently smokes (yes or no),
which was categorized into “current smoker,” “former smoker,”
and “never smoker.” Alcohol drinking was assessed based on the
question of whether a participant does not drink at all, which
was recoded and included as a binary variable. We calculated
BMI (kg/m2) using individual weight and height and included
it as a categorical variable [underweight (<18.5), normal weight
(18.5–22.9), overweight (23.0–24.9), and obese (≥25.0)], based
on Asia-Pacific BMI classifications (35, 36). Disease morbidities
(hypertension, diabetes, and hyperlipidemia) were included,
indicated by the question of whether or not an individual has ever
been diagnosed by a physician, which was conducted through
a trained nurse’s interview. Blood pressure was measured twice,
and average of systolic blood pressure was included in the
models. Being depressed was included as a dichotomous variable,
assessed by the Korean version of the Short Geriatric Depression
Scale (SGDS-K) (37) (i.e., depressed=yes if 8 ≤ SGDS-K ≤15;
depressed = no if 0 ≤ SGDS-K < 8). Moreover, we included
the variable “geographic location” based on the residence area
of the participants (Seoul, Incheon, Wonju, and Pyeongchang),
categorized into “metropolitan” (Seoul and Incheon) and “non-
metropolitan” (Wonju and Pyeongchang). In addition to those
risk factors, we included the variables, physical activity [“often
(4 days or above),” “a few times (1 to 3 days),”and “never (<1
day)”]and quality of daily life (“good quality,” “neither poor nor
good,” “poor”), as related protective factors indicated by prior
studies (38, 39), which were assessed based on the questions,
“Recently, how many days did you walk at least 10 min?” and
“How would you rate the quality of your daily life? (i.e., work,
house chores, leisure activities, etc.), respectively.
Statistical Analysis
The dependent variable in this study was: “decreased cognitive
function” as binary (“1” if MMSE score ≤ 23, “0” if 24 ≤MMSE
score≤ 30). We performed different regression analyses to detect
and examine gender differences in the relationship between air
pollution exposure and cognitive function in the participants.
Because the dependent variable has extra zero observations
after categorizing, in which general logistic regression models
may not be adequate to use (40), we first conducted penalized
logistic regression analyses to examine the odds of declining
cognitive function associated with increased exposure to air
pollutants (PM10, PM2.5−10, and NO2). Notably, penalized
logistic regression analysis can solve problems, including
multicollinearity and overfitting, which commonly occur in the
use of general logistic regression models (41). Next, we analyzed
negative binomial regression models since we also examine the
MMSE score as a count variable with over-dispersion in which
the general poisson regression model does not fit adequately.
Furthermore, we conducted generalized linear mixed model
analyses to include a geographic location (metropolitan vs.
non-metropolitan) as random effects concerning examining the
effects of air pollution exposure on cognitive function in the
participants. To detect and investigate the gender differences, we
created and employed two different models: interaction models
and stratified models. Specifically, we incorporated interaction
terms in the regression analyses, based on the results from the
Rao-Scott Chi-square test and a two-sample t-test for categorical
variables and continuous variables, respectively. Moreover, we
conducted regression analyses by stratifying gender.
In a sensitivity analysis, we additionally examined exposure
to air pollutants (PM10, PM10−25, and NO2) as interval variables
using label values at the 25, 50, and 75 percentiles, respectively
to see whether and how the estimated effect of air pollution
on cognitive function would change at intervals. Specifically,
we divided air pollutants such as PM10, PM10−25, and NO2,
respectively, into the four classes: (1) PM10: Q1 (PM10≤43.65),
Q2 (43.65<PM10≤47.26), Q3 (47.26<PM10≤48.67), Q4
(48.67<PM10≤55.40); (2) PM10−25: Q1 (PM10≤17.91),
Q2 (17.91<PM10−25≤21.08), Q3 (21.08<PM10−25≤22.76),
Q4 (22.76<PM10−25≤28.33); (3) NO2: Q1 (NO2≤20.44),
Q2 (20.44< NO2≤32.34), Q3 (32.34<NO2≤35.10), Q4
(35.10<NO2≤44.38). We also estimated the effect of air
pollution exposure on cognition with the log-transformation
as commonly used to deal with non-normal or skewed data
(42). It is because our air pollutant data were indicated as non-
normal from the result of the Shapiro-Wilks normality test (p <
0.0001). Thus, we wanted to see whether the effects on cognition
would alter with the log-transformed air pollutants. Further,
we investigated whether there exists any non-linear effect of air
pollution exposure on cognition using zero-truncated negative
binomial regression models, which can confirm our results. In
addition to looking over and exploring air pollution in multiple
ways, we examined MMSE score using a different cut point (“24–
25”) since after excluding patients with a previous diagnosis such
as Alzheimer’s disease and amnestic mild cognitive impairment,
many participants were resulted in having MMSE scores ≥25
(87.61%). In this regard, we investigated the effect of outdoor air
pollution on cognition by incorporating MMSE score values≤25
as an indication of lower cognition.
The significance threshold was set at 0.05. All statistical
analyses were conducted using SAS, version 9.4 (NC, USA).
RESULTS
Table 1 shows the characteristics of the Korean cohort and
the difference by gender. The mean exposure levels of PM10,
PM2.5−10, and NO2 were significantly higher in women than in
men (46.56, 20.66, and 30.11 µg/m3 in women vs. 45.09, 19.24,
and 25.83µg/m3 inmen). Being>65 years old (74.17 vs. 63.83%),
married (93.66 vs. 72.79%), with a high education (52.20 vs.
39.56%) and income (14.94 vs. 10.49%) were significantly more
common in men than in women. Doing physical activity (94.10
vs. 91.04%) and having a metropolitan area of residence (85.90
vs. 64.50%) were significantly more prevalent in women than in
men. Having a good quality of life (92.96 vs. 88.31%) and a BMI>
25.00 (41.12 vs. 37.70%) were significantly more common in men
than in women. Smoking and drinking habits were significantly
higher in men than in females: 71 vs. 2.85% for smoking status
(both current and past); 71.88 vs. 36.50% for alcohol drinking.
For disease morbidities, hypertension and hyperlipidemia were
significantly more common in women than in men: 36.17 vs.
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TABLE 1 | Characteristics of the study participants.
Characteristics All (n = 1,484) Men (n = 569) Women (n = 915) Statistical
testa/
p-value
Mean ± SDb/ Mean± SDb/ Mean ± SDb/
PM10 (µg/m
3 ) 46.00 ± 3.93 45.09 ± 4.30 46.56 ± 3.57 t = −7.15 <0.0001
PM2.5−10 (µg/m
3 ) 20.11 ± 3.71 19.24 ± 4.04 20.66 ± 3.38 t = −7.26 <0.0001
NO2 (µg/m
3) 28.47 ± 10.19 25.83 ± 11.24 30.11 ± 9.11 t = −8.03 <0.0001
Systolic blood pressure (mmHg) 127.99 ± 13.49 128.56 ± 12.91 127.64 ± 13.84 t = 1.74 0.082
N (%) % %
Age χ2 = 17.17 <0.0001
55–64 478 (32.21) 25.83 36.17
65+ 1,006 (67.79) 74.17 63.83
Marital status χ2 = 98.37 <0.0001
Yes 1,198 (80.78) 93.66 72.79
No 285 (19.22) 6.34 27.21
Education χ2 = 22.68 <0.0001
Less than middle school 825 (55.59) 47.80 60.44
Middle school graduate or more 659 (44.41) 52.20 39.56
Income (X) (won) χ2 = 11.80 0.008
X < 1,000,000 382 (25.74) 23.55 27.10
1,000,000 ≤ X < 2,000,000 493 (33.22) 30.23 35.09
2,000,000 ≤ X < 4,000,000 428 (28.84) 31.28 27.32
X ≥ 4,000,000 181 (12.20) 14.94 10.49
Physical activity χ2 = 6.15 0.046
Often 1,040 (70.08) 70.13 70.06
A few times 339 (22.84) 20.91 24.04
Never 105 (7.08) 8.96 5.90
Quality of daily life χ2 = 8.85 0.012
Good 1,336 (90.09) 92.96 88.31
A little 142 (9.57) 6.69 11.36
Not at all 5 (0.34) 0.35 0.33
Ever smoker χ2 = 798.01 <0.0001
Current 86 (5.80) 14.06 0.66
Former 344 (23.18) 56.94 2.19
Never 4 (0.27) 0.53 0.11
Not reported c/ 1,050 (70.75) 28.47 97.04
Drinking χ2 = 175.63 <0.0001
Yes 743 (50.07) 71.88 36.50
No 741 (49.93) 28.12 63.50
BMI χ2 = 14.21 0.002
< 18.50 25 (1.68) 1.76 1.64
18.50–22.90 437 (29.45) 23.90 32.90
23.00–24.90 443 (29.85) 33.22 27.76
≥ 25.00 579 (39.02) 41.12 37.70
Depressed d/ χ2 = 2.72 0.098
Yes 219 (14.76) 12.83 15.96
No 1,265 (85.24) 87.17 84.04
Hypertension χ2 = 15.99 <0.0001
Yes 480 (32.35) 26.19 36.17
No 1,004 (67.65) 73.81 63.83
Hyperlipidemia χ2 = 23.42 <0.0001
Yes 481 (32.41) 24.96 37.05
(Continued)
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TABLE 1 | Continued
Characteristics All (n = 1,484) Men (n = 569) Women (n = 915) Statistical
testa/
p-value
No 1,003 (67.59) 75.04 62.95
Diabetes χ2 = 7.05 0.007
Yes 244 (16.44) 19.68 14.43
No 1,240 (83.56) 80.32 85.57
Geographic location of residence χ2 = 92.73 <0.0001
Metropolitan 1,153 (77.70) 64.50 85.90
Non-metropolitan 331 (22.30) 35.50 14.10
Outcome Mean ± SD b/ Mean± SD b/ Mean ± SD b/
Mini–Mental State Examination Score 27.23 ± 2.56 27.25 ± 2.39 27.21 ± 2.65 t = 0.31 0.759
N (%) % %
Decreased cognitive functione/ 126 (8.49) 5.62 10.27 χ2 = 9.76 0.001
There could be a round error in the percentages shown above.
a/Rao-Scott Chi-Square test and t-test to compare the difference between males and females in terms of categorical variables and continuous variables, respectively.
b/SD: standard deviation.
c/Missing information were usually excluded except for smoking status, because most of women were likely to be non-smokers or social smokers.
d/Created based on the Korean version of Short Geriatric Depression Scale (SGDS-K) (i.e., depressed=yes if 8 ≤ SGDS-K ≤15; depressed=no if 0 ≤ SGDS-K < 8).
e/Decreased cognitive function was defined as MMSE score≤23.
TABLE 2 | The odds of declining cognitive function associated with exposure to
air pollutants (PM10, PM2.5−10, NO2) by geographic location of residence and
effect modification by gender.
All Metropolitan Non-metropolitan
OR (95% CI)a/ OR (95% CI)a/ OR (95% CI)a/
PM10
b/ 0.93 (0.84–1.04) 0.97 (0.85–1.10) 0.82 (0.65–1.02)
PM2.5−10
b/ 1.02 (0.91–1.15) 1.07 (0.93–1.24) 0.83 (0.64–1.06)
NO2
b/ 0.97 (0.92–1.01) 0.98 (0.93–1.04) 0.88 (0.78–0.99)
Female 2.38 (1.28–4.42) 2.21 (0.99–4.91) 5.45 (2.52–11.80)
(PM10
b/)*(Female) 1.01 (1.00–1.03) 1.01 (0.99–1.03) 1.04 (1.02–1.07)
(PM2.5−10
b/)*
(Female)
1.03 (1.01–1.07) 1.04 (1.00–1.07) 1.13 (1.06–1.22)
(NO2
b/)*(Female) 1.01 (0.98–1.02) 1.02 (1.00–1.05) 1.12 (1.04–1.20)
a/OR: odds ratio; CI: confidence interval. The bold values mean statistically significant.
Analyses were conducted with adjustment for confounding factors (age, gender, marital
status, alcohol drinking, systolic blood pressure, BMI, education, income, physical activity,
quality of daily life, disease morbidities, being depressed, metropolitan status).
b/Air pollutants scale was increased by 10 units since 1 unit change was too small.
26.19% for hypertension; 37.05 vs. 24.96% for hyperlipidemia. On
the contrary, diabetes was significantly more prevalent in men
than in females: 19.68 vs. 14.43%. Having a decreased cognitive
function was significantly more common in females than in
men: 10.27 vs. 5.62%. Only systolic blood pressure (128.56 vs.
127.64 mmHg), being depressed (12.83 vs. 15.96%), and MMSE
score (27.25 vs. 27.21) did not significantly differ between men
and women.
Tables 2, 3 present results from our penalized logistic
regression analyses to estimate the odds of decreased cognitive
function associated with exposure to air pollutants (PM10,
PM2.5−10, and NO2) by geographic location of residence and
detect gender differences. Specifically, our interaction models
(Table 2) find that women than men had a higher risk for
decreased cognitive function associated with an increase in
PM10 and PM2.5−10, respectively, even after adjusting for related
factors [OR 1.01 [95%CI 1.00–1.03], p = 0.016 (PM10); OR 1.03
[95%CI 1.01–1.07], p= 0.023 (PM2.5−10)]. After stratification by
metropolitan status, our results also find that the adverse effect
of NO2 exposure on cognitive function was higher in women
than men [OR 1.02 [95%CI 1.00–1.05], p= 0.024 (metropolitan);
OR 1.12 [95%CI 1.04–1.20], p = 0.001 (non-metropolitan)].
Notably, the magnitude of the effect sizes was shown stronger
among those in non-metropolitan regions than metropolitan
ones, which indicates that the adverse effects of air pollution
exposure were higher in non-metropolitan women compared
with metropolitan women. Meanwhile, our stratified models
(Table 3) find that among the metropolitan group, PM2.5−10
exposure was significantly associated with risk for decreased
cognitive function in women (OR 1.21 [95%CI 1.02–1.44], p =
0.028), which, however, no significant result was found for men.
Further, our generalized linear mixed models find that an
increase in PM2.5−10 exposure had a negative effect on the
MMSE score, even after adjusting for related factors (β = −0.11,
p = 0.003). Similarly, our negative binomial regression model
finds that an increase in PM2.5−10 exposure had an adverse, crude
relationship with the MMSE score (β = −0.007, p = 0.021). The
details about the results are provided in Table 4.
In sensitivity analyses, first, after using a different cut
point (“24–25”), our stratified models find that among the
metropolitan group, PM2.5−10 was associated with risk of lower
cognition in women (OR 1.26 [95%CI 1.11–1.42], p = 0.0002),
which, however, no significant result was found for men.
After examining exposure to air pollutants (PM10, PM2.5−10,
and NO2) as interval variables, there seemed to be a pattern
showing a negative relationship between the higher quartile of
outdoor air pollution and MMSE score in the metropolitan
group, indicating that higher levels of air pollution exposure
were associated with decreased cognitive function (for PM10,
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TABLE 3 | The odds of declining cognitive function associated with exposure to air pollutants (PM10, PM2.5−10, NO2) by gender and geographic location of residence.
Men Women
All Metropolitan Non-metropolitan All Metropolitan Non-metropolitan
OR (95% CI)a/ OR (95% CI)a/ OR (95% CI)a/ OR (95% CI)a/ OR (95% CI)a/ OR (95% CI)a/
PM10
b/ 1.01 (0.93–1.11) 0.77 (0.61–0.97) 1.10 (0.79–1.54) 1.04 (0.90–1.19) 1.09 (0.93–1.28) 0.83 (0.59–1.17)
PM2.5−10
b/ 1.04 (0.95–1.15) 0.89 (0.70–1.12) 1.12 (0.77–1.61) 1.12 (0.96–1.30) 1.21 (1.02–1.44) 0.88 (0.59–1.29)
NO2
b/ 1.01 (0.98–1.04) 0.92 (0.84–1.02) 1.02 (0.87–1.20) 1.00 (0.94–1.06) 1.02 (0.95–1.10) 0.90 (0.76–1.07)
a/OR, odds ratio; CI: confidence interval. The bold value means statistically significant. b/Air pollutants scale was increased by 10 units since 1 unit change was too small.
TABLE 4 | The estimated effects of exposure to air pollutants (PM10, PM2.5−10,
NO2) on MMSE score by geographic location of residence and effect modification.
Generalized linear
mixed modela/
Negative binomial model
Metropolitan Non-
metropolitan
βb/ Pb/ βb/ Pb/ βb/ Pb/
PM10 0.0140 0.670 −0.0004 0.903 0.0057 0.364
PM2.5−10 −0.1106 0.003 −0.0046 0.194 0.0054 0.440
NO2 0.0203 0.097 −0.0001 0.962 0.0027 0.367
Female −0.3786 0.044 −0.0051 0.705 −0.0488 0.071
(PM10 )*
(Female)
−0.0062 0.127 −0.0002 0.561 −0.0010 0.115
(PM2.5−10)*
(Female)
−0.0126 0.162 −0.0007 0.383 −0.0032 0.120
(NO2)*
(Female)
−0.0003 0.955 −0.0003 0.507 −0.0027 0.297
a/ Incorporated geographic location of residence (metropolitan vs. non-metropolitan) as
random effects.
b/β, coefficient; P, p-value.
After adjustment for confounding factors (age, gender, marital status, alcohol drinking,
systolic blood pressure, BMI, education, income, physical activity, quality of daily life,
disease morbidities, being depressed, metropolitan status).
OR 1.18 [95%CI 0.36–3.83] (Q2 vs. Q1), OR 1.25 [95%CI
0.38–4.07] (Q3 vs. Q1); for PM2.5−10, OR 0.86 [95%CI 0.22–
3.29] (Q3 vs. Q1), OR 0.94 [95%CI 0.25–3.59] (Q4 vs. Q1);
for NO2, OR 0.54 [95%CI 0.09–3.35] (Q2 vs. Q1); OR 0.73
[95%CI 0.12–4.52] (Q3 vs. Q1). With the log-transformation
of air pollutants, our results from the generalized linear mixed
models find that PM10 and PM2.5−10 exposures, respectively,
affected MMSE scores more adversely in women than men
(β = −0.07, p = 0.041 (“PM∗10female”); β = −0.09, p = 0.05
(“PM∗2.5−10female”). Although our negative binomial models find
no significant effect medication, our results show that among
the metropolitan group, PM2.5−10 was negatively associated
with the MMSE score (β = −0.161, p = 0.028), similar to
the results from the models without the log-transformation.
Furthermore, our zero-truncated negative binomial models
for exploring a non-linear effect of air pollution exposure
on cognition find that PM2.5−10 exposure had an adverse
effect on cognitive function among the metropolitan group
(β=−0.007, p= 0.006).
DISCUSSION
In this cross-sectional study of Korean older adults, we explored
gender differences in the relation of cognitive functioning
associated with particulate air pollution. Albeit not strong, we
found that women than men had a higher risk for declining
cognitive function associated with increased exposures to PM10
and PM2.5−10, and after stratification by geographic location
of residence, the adverse effect of NO2 exposure on cognitive
function was greater in women than men. Furthermore, our
results from both negative binomial and generalized linear mixed
models find that an increase in PM2.5−10 had an adverse effect
on declining cognitive function. Our main findings are both
congruent and incongruent with prior studies (11, 21, 22). For
example, a study of 105 healthy children whowere highly exposed
to PM2.5 and ozone in Mexico City examined the role of other
risk factors including Apolipoprotein 4, gender, and BMI on
the risk of declining cognition and found that girls than boys
may be more likely to develop cognitive deficits associated with
air pollution exposure (22). In the meantime, Chen et al. (21)
examined the impact of air pollution on individual cognitive
performance using the data from the China Family Panel Studies
and found a significant, adverse effect of air quality measured by
the air pollution index on both the verbal and math test scores
of the respondents. Especially, the adverse effects of air pollution
on cognitive performance were higher in men compared with
women. However, a study conducted with a sample from the
National Survey of Health and Nutrition in Mexico did not find
any significant modification by sex in the relationship between
PM2.5 concentrations and cognitive function (43).
A probable explanation may apply for our finding that
women than men may have a higher risk for declining
cognition associated with increased exposures to PM10 and
PM2.5−10. It may be due to the different neurological structure
or system between men and women, which could have
affected cognitive function associated with air pollution exposure
differently in them. For example, prior research investigated
the relationship between the structural brain organization and
general intelligence in men and women and found that women
than men have less gray matter and more white matter as related
to intelligence (44). Moreover, Gallart-Palau et al. (45) examined
the extent of gender-specific molecular differences in developing
Alzheimer’s disease with cerebrovascular disease and found that
despite the presence of a similar amount of brain protein (i.e.,
myelin-associated glycoprotein) in men and women, women
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than men were more likely to receive a stronger influence from
the pathology of white matter.
It is well-documented that there exist the effects of sex/gender
in cognition-related research (46–50). For example, a literature
review by Nebel and colleagues (46) explored how sex and gender
played a role in Alzheimer’s disease and attempted to discern
the risk factors and found that women have a greater lifetime
risk of developing Alzheimer’s disease and burden of the disease
impacts women more significantly than men. They also pointed
out that women generally live longer than men and have a
higher risk of having disease morbidities, including coronary
heart disease, depression, and myocardial infarction, which are
all risk factors for cognitive decline or impairment (46, 47).
Furthermore, as a possible attribute of the sex effects in risk for
cognitive decline, they suggest evidence that older women (aged
65 years or above) who received estrogen-containing hormone
therapy had a doubled risk for dementia (48, 49), while those
who began receiving hormone therapy early in the menopausal
transition had a lower dementia risk, compared with those who
did not. In addition to those risk factors, evidence indicates
that the genetic component “APOE ε4” interacts with sex to
affect the risk of cognitive decline. For instance, in a study of
analyzing 5,400 ordinary people, women with APOE ε4 had a
higher risk of dementia based on the Clinical Dementia Rating
Score as compared to APOE ε4-negative women as well as men
with APOE ε4 (50). Furthermore, other sex-/gender- differing
factors (i.e., body size, stress, socioeconomic status, and gendered
activities, including cleaning, cooking, etc.) could be potential
attributes of the sex/gender difference in the relationship between
air pollution exposure and cognitive function (51).
This study has some limitations. First, the 1,484 subjects
of an elderly Korean cohort, including the 569 men and 915
women, could have increased by involving and encouraging
more participation. Probably, a relatively small number of male
subjects may explain why, overall, no significant results were
found for men in our stratified models. Further, there could be
other aspects attributed to limitations in our results, including
small effect size related to a unit increase in air pollution exposure
and the air pollutant prediction model with less resolution to
estimate air pollution exposure precisely (52). Second, merely
three air pollutants (PM10, PM2.5−10, and NO2) were explored
in this study. However, to our knowledge, many more studies
had already examined other pollutants, including PM2.5, ozone
(O3), carbon monoxide (CO), etc. (12, 19, 21, 23, 53–55).
Third, our findings may not be applied to particular outdoor
air pollution, given the fact that air pollution, mainly as traffic-
related, is a composite of particles and gases that could also be
correlated one another (2). Fourth, there may be a possibility
of social desirability bias concerning a high proportion of
missing information about smoking status in women. It is
likely because traditionally in Korea, people had considered
female smoking more negatively compared to male smoking.
Also, given the questionnaire for smoking status “whether a
participant smoked more than five packs of cigarettes in each
entire life,” it is possible that women than men could have
been more reluctant to answer the question appropriately.
Next, in spite of adjusting for related confounding factors
indicated by the prior studies, there may be other factors
that we did not control for. For example, we were unable to
adjust for genetic component (i.e., APOE ε4) due to a lack
of genetic information in our data. Also, there could be other
related environmental factors, including noise, weather, etc.
Nevertheless, in consideration of the number of subjects, it is
believed that the study adjusted for associated factors to the
greatest extent.
In spite of the limitations, the present study has several
strengths. First, the study was conducted based on the four
different regions in Korea, which allowed us to examine the
effects of different air pollution exposure levels on cognitive
function in elderly in Korea so that our findings may be applied
to other elderly living in similar environments. Second, to our
knowledge, this study was one of the first, based on a Korean
older adult cohort, to explore the extent of gender difference
in the relation of cognitive function associated with outdoor
air pollution. Furthermore, this study used different regression
models (i.e., penalized logistic regression, negative binomial
regression, and generalized linear mixed models) and strategies,
including subgroup analyses, as well as sensitivity analyses to
investigate the extent of gender difference mentioned. Finally,
our study adjusted not only for the known risk factors but also
for other probable confounding factors, including geographic
location, physical activity, and quality of daily life, which other
studies less considered for adjustment.
In summary, we found the presence of gender differences in
decreased cognitive function associated with increased exposure
to outdoor air pollution in an elderly population without
known neurological diseases. Despite some limitations in our
results, the study findings suggest that the adverse effects
of increased exposures to air pollutants such as PM10 and
PM2.5−10 on cognition seemed to be higher among women than
men, particularly among those in the metropolitan areas, the
adverse effect of NO2 exposure on cognitive function appeared
to be greater in women than men. Our study results were
confirmed by the sensitivity analyses, which also suggest that
women with higher levels of air pollution exposure than men
were found to have lower MMSE scores. In spite of our
findings, additional research is warranted to further explore
gender differences in the effects of air pollution on cognition
and the mechanism in consideration of a possibility of the
potentially related factors and probable bias source. Furthermore,
more critical, if the adverse effect of outdoor air pollution
on cognitive function is collectively found to be stronger in
women than men, developing and implementing prevention
programs or interventions tailored on older women, particularly
those with increased risk for air pollution exposure, should be
necessarily considered.
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